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Xtie  Bure«ui  of  Saval.  Ve^;)OQ«  ualgaed  to  the  Haval  Veapons 
Laboratory,  by  HJWEP3  VEPTASK  E>K)-42-003/210-l/POOS-08-006,  a 
taaJc  vlth  tbe  objectlvea  of  (1)  establleblsg  aol  salatalzilag  a 
handbook  of  texnlnal  balllatlc  jerfornutnoe  data  for  all  current 
nonnuclear  ordnance, (2)  developing  and  defining  generalized 
lethality  criteria  aultable  for  the  apeclflcatlon  or  deteialnatlon 
of  varhead  terminal  balllatlc  performance,  and  (3)  Improving  pro- 
Jectllea  and  rocket  varbeada,  utilizing  current  develoiaenta  In 
varhead  technology. 

Thie  Is  the  flrat  formal  report  on  the  acalgned  taak  and  la 
limited  to  objective  (1)  dlacuaaed  above.  Xho  report  In  rjed 

In  tvo  separate  parts.  Fart  I,  Terminal  Ballistic  Effects,  pre¬ 
sents  a  sunmary  of  the  lava,  parameters  and  equatlona  •^.ooi.tted 
with  conventional  kill  mechanisms.  Fart  S,  Varbead  Terminal  Bal¬ 
listic  Performance,  presents  a  description  of  specific  MARK  var- 
heads  and  Includes  all  available  data  collected  and  analyzed  by  tbe 
time  of  publication.  Additional  data  and  dlscuaslona  not  Included 
In  thla  preliminary  publication  are  acbeduled  for  Inclualon  by 
future  revision  or  publication.  Xhe  ultimate  ala  of  this  publica¬ 
tion  Is  to  provide  data  on  varhead  terminal  ballistic  performance 
In  a  form  and  quantity  vhlch  vlU  be  lanedlately  useful  In  pre¬ 
paring  directives  or  guides  for  conventional  veapona  selection 
and  In  condu^^tlng  veapon  effectiveness  studies. 

This  report  has  been  revieved  by  tb..  foUcwlng  peracnnel  of 
tbe  Warhead  and  Terminal  Ballistics  Laboratory: 

C.  A.  COOPER,  Acting  Chief,  Project  Engineering  Branch 
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IBTROrocnOB  -  PART  I 

nils  part  at  the  Frellutinary  Heuidbooic  of  Warhead  Ttentilnal  Bal¬ 
listic  ferfomance  contains  suamary  discussions  of  comrentlonal 
kill  mechanisms.  These  sumnarles  Include  dlscuasloas  of  the  basic 
lava  and  parawters  associated  with  the  kill  mechanlsaa. 

The  dlscuselons  Included  In  this  edition  of  tiie  handbook  are 
presented  In  four  sections: 

Section  1  -  Fra^tentatlon 

Section  2  -  Blast 

Section  3  -  Feoetratlon 

Section  4  -  Shaped  Charges 

Section  1,  Fragmentation,  prcrvld.'^s  discussions  of  the  theories 
concerned  vlth  the  natural  frasnsntatlon  of  eosnrenticoal  warheads 
and  presents  experimental  data  for  determining  the  values  of  the 
constants  utilized  In  the  theoretical  dlscusslo 

Section  2,  Blast,  Is  scheduled  to  Innlmla  diacnaslona  eoneenw 
Ing  Blast-External,  Blast-Internal,  Earth  Shock,  Cratering,  and 
Blast  Measurements.  However,  this  paellalnary  edition  only  pre¬ 
sents  a  review  of  the  theories  and  exper<  rental  data  concerned  with 
the  effects  that  such  parameters  as  charge  cospoaltion,  charge  geo¬ 
metry,  casing  material,  ataaoepherlc  pressure  and  tBspezsture  and 
maeh  wave  reflections  hove  on  external  blast. 

faction  3,  Penetration,  pre jests  discussions  of  soma  of  the 
varl'r's  empirical  foisulae  dealing  with  the  penetration  of  amor 
by  projectllee.  A  brief  discussion  of  the  perforation  of  mild 
steel  by  fragments  la  also  presented. 

Blscusslons  of  the  per  tratlon  of  concrete  and  soil  by  pr^ 
JectUes  are  scheduled  to  be  Included  in  the  next  edltl.-n  of  the 
handbook. 
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1.1  INTROEUCTIOH 

The  naturid  fr&gmentatlon  characteristics  of  conventional 
warheads  are  usually  placed  In  three  general  classes,  fra^ent 
velocity,  directional  dlstrlhutlon,  and  mass  distribution.  fVag- 
aent  velocity  varies  with  distance  of  travel  and  each  of  the 
characteristics  are  affected  by  such  paraateters  as  e:^loelve  ccdi>- 
posltlon,  type  and  thickness  of  casing  aaterlal,  and  the  warhead 
gecmetry  In  general. 

The  nurpose  of  this  section  Is  to  provide  a  brief  ditcoselon 
of  the  ti.';or-‘'a  concerned  with  the  above  characteristics,  and  to 
present  experimental  data  for  determining  the  \-a.li>es  of  the  con¬ 
stants  utilized  In  the  theoretical  discussion. 

Methods  are  available  for  designing  warheada  that  will  pro¬ 
duce  fragments  of  a  predetermined  size  (controlled  fragaentatlon); 
however,  since  the  use  of  controlled  fragaentlng  warheads  Is 
generally  limited  to  attack  of  specific  targets  which  are  prl- 
marll^y  vulnerable  to  fragnents  of  an  optimum  size  these  methods 
are  not  widely  employed  among  the  warheads  documented  la  Part  H. 
For  this  ret’son  only  a  brief  discussion  of  some  of  the  more 
Important  methods  of  controlling  fragaent  size  Is  presented. 

1.1.1  FHACKStTEAnOH  ITOCE33  -  ilElKHAL.  Conventional  frag¬ 
mentation  warheads  consist  of  a  high  explosive  (KS)  charge,  fuze 
and  booster  all  enclosed  In  a  metal  casl  g.  Upm  detonation  of 
the  HE  charge,  the  metal  casing  expands  very  rapidly,  usually  to 
about  1-1/2  times  Its  original  diameter^" and  then  breaks  into 
fragments.  The  rate  of  expansion  depends  on  the  ccnpoaltlon  and 
we  gat  of  the  explosive  filler,  type  and  thickness  of  caalng 
material,  and  the  geometric  co.iflguxatlon  of  the  warhead  In  general. 
When  the  caalng  brsaua  up,  the  resulting  fragaenta  fly  off,  usually 
In  a  direction  perpendicular  to  the  surface  of  the  expanded  cuing, 
at  the  same  speed  that  the  cuing  hsd  atta^  .ed  d'urlna  Its  expazi- 
slon;  little  c.  _io  additional  velocity  Increue  occurs  after  the 
cuing  ruptures*"*.  With..*  a  very  siicsrt  dlatance  froa  the  center 
of  explosion  the  fragments  pus  thrc.>igh  tha  ahock  wrs,  vhlch  '.s 
retsoided  by  the  air  to  a  gjreater  extent  than  tha  fragments . 

In  effect,  the  high  velocity  fragaenta  are  projectllea 
with  a  potential  capabllicy  of  Infl'ctlng  danage  to  adjacent 
objects.  Tbe  potential  damage  capability  de.uends  upon  such  paraai'- 
ter-  u  fragment  mus,  velocity,  a.-.!  distribution  which  are  dis¬ 
cussed  In  paragraph  1 .2  below. 
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1.2  PAMHETESa  ISVOLVSD  HT  TES  mocazmoir  PBOCZSS 

1.2.1  MASS  DISSROOTZON  •  Til*  bms  (m)  ud  a««a 

Uatrlbutlon  of  fraeaenta  froa  natural  fzmgMntlLS  varbeada  have 
b«an  deaerlbed  thaoratleally  In  tazna  of  alapla  exponential  fune- 
tlona  of  m.  Tiia  moat  widely  uaed  of  tbeae  are  the  fomilaa  Intro¬ 
duced  by  Mott  and  Llnfoot^*^^  ^cb  In  general,  ^ply  fairly  veil 
to  all  oodem  fraeaentatlon  varbeada. 

1.2 .1.1  Two-Dlmenalonal  areaJcup.  It  vaa  propoaad  In  refer¬ 
ence  1-3  that  fra^teiitatlon  of  varbeada  vblcb  utlUxa  tbln-v«ilci 
eaclngo  la  the  -'sault  of  tvo-diB»na tonal  breaiujp.  Under  tbla 
aaauEptlon,  along  vltb  tbe  aaauaptlon  that  tvo^dlnenslonal  brealcup 
bolda  down  to  tbe  flneat  fragnenta,  tbe  aaaa  dlatrlbutlon  of  tbe 
fragmenta  may  bo  approximated  by  tbe  equation: 

■(if‘ 

H(a)-5oe^‘^^  (1-1) 

where: 

5(b)  -  number  of  fra^wnta  of  aaaa  greater  than  (m) 

Ho  -  total  number  of  fragmenta  ()^2u) 

2u  -  arithmetic  average  trmgaan  maae 
M  -  total  aaaa  of  warhead  caae  (came  unlta  aa  u) 
e  >  baae  of  natural  logarltlaa 

It  abottld  be  noted  tha*.  Mott 'a  equation  (1-1)  aaaumea  tbe  warhead 
caalng  to  be  a  cylinder.  Although  tbla  la  not  geiMrally  true, 
aatlafactory  reeulta  can  be  obtalaaed  by  conal  'erlng  the  caalng  aa 
a  aerlea  of  cyll.':..  leal  aegmenta  and  cseqputlng  fragmeitt  meaa  dla- 
trlbutloa  for  each  aesaent  .jptuwtely. 

1.2. 1.2  Tbree-Dlaenelonal  areakuu.  It  la  poatulatad^"*  tb  t 
a  large  number  of  fra^aents,  whose  elx.^  la  not  lnfj^eni.-ed  wy  caalng 
thlckneaa,  may  result  from  tbe  fresaentetlon  of  en  exeeptlonelly 
thick- .ceaed  varcead.  Ifodar  tbla  coiJi.''tlon  tba  frageentntlon  pro- 
eeaa  obwya  tbe  lav  of  tbree-dlaenal  enal  Uvinkup,  and  tba  maea 
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distribution  or  rra^nenta  vlU 


H(*)  - 


deacribiid 


oy 


(1-2) 


where: 


H(m)  •  nuaber  of  tr«saenta  of  aaee  greeter  then  (m) 

Hg  •  totel  oaber  or  freffaenta  (M/Bh) 

6u  «  erlthnetlc  everegc  fragaent  aeaa 

M  •  totel  aeaa  of  verbeed  ceae 

There  la  no  aet  procedure  for  detenlnlng  tlM 
seeing  tblckneaa  of  verbeeda  et  which  transition  froa  'l»>>dlaenalonal 
breakup  to  three-dlaenalonel  breakup  begins.  However,  It  la  atated 
In  reference  1-4  that  ”;eost  aerviee  projectllea  having  a  vail  thlck- 
oesa  (before  expanalon)  not  greater  than  about  0.6  Inch  fall  Into 
the  category  of  tvoKllaenslocal  breakup". 

1.2 .1.3  Mott  Scaling  Fomin  Tse^~°.  nws  value  of  the  paraa*ter 
u  la  related  to  tbe  Inalde  dlaaerer  (d^)  and  tblckneaa  (t)  of  the 
warhead  casing  by  tbe  eaplrleal  relation: 

uVa  .  B  W*  d^  (^j.  *  J.)  (1-5) 

wh**^: 

U  Is  In  grass 

B  baa  the  units  of  In.  «nd  depends  upon  the 

eznloalve  coeEposltlon  and  the  characteristics 

■jx  ‘xe  casing  material 

and 

t  and  dl  are  In  Inches 
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Tor  WBfcll  ralxMa  of  C/K|  the  ehar&c-»to-anT«  l^iMiaa  ntlo,  eqii*« 
tlcn  (2^3)  agrees  very  veil  vith  the  form  La  proposed  Oy  Ouraey  end 
SexmMsekla  (see  peregrmph  1.2.2)  aJ-thongti  la  geaerel  these  fox^ 
BBiIae  do  not  agree.  A  cos^arlaon  of  these  focauiae  vith  date 
obtalaed  fran  tvo  recent  tests  conducted  at  aWL,  Oahlgrea  Is 
shovn  on  Tlgure  1-1.  Ihe  eosperlaon  Ini.lcatsa  that  Mott's  scaling 
form  la  aors  nearly  represents  the  sxperlmntal  data  than  does  the 
Oumey-danousakls  formla. 

nie  tvo  teat  vehicles  vere  cyllndart  loadad  vlth  ^6 
explosive,  nie  Inside  diameter,  vail  thickness,  and  length  )f 
each  cyllr''::r  as  10.209  Inches;  .270  Inch,  and  IS  Inches 
respectively.  One  cylinder  vae  fabricated  fr-m  AlSZ-ClCdS  steel 
vlth  a  Bockvell  hardness  of  approximately  9&.fi.  Ihs  other  cylinder 
vaa  machined  from  the  cylindrical  section  of  a  BOUiTO  A  varbead 
(AISZ  i340  forged  steel  vlth  a  Bockvell  hardness  of  appro s..iieitjly 
3<9-C). 


1.2.2  OORHEr-SAIMacaAXIS  SCALOn  TOMOLA.  She  relationship 
between  u,  the  thickness  (t),  and  Inalda  diameter  (di)  of  tha 
casing  viu,  according  to  Gurney  and  Sazaouaakls'^  ,  be  described 
by: 

,«»)•''•  ji.i(£)  (1-.) 

di  V  2VJ*/ 


vhsre: 

2u  a  arlthsetlc  average  fre^wnt  msuss  (grams) 

A  a  a  constant  depending  on  explosive  ccpposltlon  and 
the  phyetcal  Jiurscterletlcs  of  the  easing 

material  (®i/ln.*J^/* 
t  and  'L,  are  In  Inches 

£  a  cbarge-to-sMtelamMS  ratio 
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1.2.3  EmCT  OF  SCTLOSXyZ  OU  ^  .  SaOem  et  4l  of  the  U.  3. 
Naval  Ordnance  Laboratory  (reference  1-6),  experiaentally  deter¬ 
mined  vaiuea  of  tlie  Nott  acallng  constant  (B),  the  Qomey- 
SarBouaakia  scaling  constant  (A) ,  and  tbe  parameter  fi  for  varioos 
explosive  coBqpositions .  Hie  results  obtained  froa  the  above 
expertments  are  tabulated  in  Table  1-1  to  provide  aa  indication 
of  tbs  effect  that  various  explosives  have  on  u  as  the 

above  mentioned  scaling  constants. 

TABLE  1-1  MOTT  AND  SJBNEY-SAIMOOSAJaS  SCALDB 
CONSTAgra  FOR  VAR1003  EXPLOSIVES 


Explosive 

c/h 

ISEB 

3^ 

.fP.)  ’ 

Baratol 

0.562 

1.237 

2.73 

* 

1  2.55 

Ccsip  B 

0.377 

0.532 

lUS 

1.14 

Cyrlotol  (75/25) 

0.360 

0.471 

1.05 

1.01 

N-6 

0.395 

0.666 

1.47 

1.34 

HEX-1 

0.384 

0.615 

1.36 

1.30 

HBX<-3 

0.403 

0.781 

1.72 

1.65 

Psntolite  (50/50) 

0.366 

0.596 

1.32 

107 

ra-1 

0.367 

0.534 

109 

1.14 

PTX-2 

0.373 

0.546 

lOl 

1.17 

TUT 

0.355 

0.751 

1.66 

1.61 

*Cosip  A-3 

0.367 

0.474 

107 

1.13 

♦PentoUte  (50/50) 

0.363 

0.631 

1.41 

107 

*Iim/VAX  (35/5) 

0.370 

0.509 

1.13 

1.09 

•Tetryl 

0.371 

0.660 

1.45 

1.41 

BOT£S:  ^Mott's  scaling  cocstaat  in.'V*)  , 

^  (Xuney-SencjusajUs  scaling  constant 
•Indicr  tes  pressed  explosives 


It  sbou_d  be  uo'^-  .  that  the  values  of  the  above  canetaBts  apply 
specifically  only  to  cylind  rs  siailar  to  those  used  in  the 
experiawnts.  The  cylinders  vere  made  from  AISZ  lOi.-  :j«Bless 
steel  tubing  vlth  a  RockwU  bsirdness  of  ipprcxismrtely  10(VB.  .'ic 
inside  diameter  aid  vail  tbleknssa  of  ^ach  eylinde..  «ae 
aataly  2.0  inches  and  0.25  inch  respectiwly. 
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1.2.i  ScT'EC’l'S  OF  CASING  MAC’^UIAL  ON  ^l.  Only  a,  limited 
amount  of  Information  la  available  relating  the  effects  that 
various  casing  aaterlala  have  on  Hovever,  it  Is  concluded  In 
reference  1-7  that: 

1.  Cylindrical  charges  utilizing  either  forged  or  cast 
steel,  of  the  types  used  in  current  HE  shell,  pi-oduce  fragrsents  of 
a  conclderably  larger  average  mass  than  similar  charges  which 
employ  malleable  or  (ductile  cast  Irons  as  the  casing  material. 

2 .  No  correlations  were  f  ouai  to  exist  between  f  r  %gcenta^» 
tlon  and  rtrength  or  ductility  of  the  caslrw?  material. 

above  conclusions  are  baaed  on  results  obtained  fron 
testa  of  cylinders  which  were  open  at  both  ends,  having  an  Inside 
diameter  of  2.5  Inches  and  a  length  of  6.0  Inches.  Thr«-,  v>al4. 
thicknesses,  0.2  Inch,  0.4  Inch,  and  0.6  Inch  were  utilised.  ^Qie 
three  high  explosives  used  fur  the  fragsentatlon  testa  were  Bara- 
tol,  TNT  and  Composition  B. 

1.2.5  ANOUIAH  DIBTRIBOnOS  OP  PRAOtEMTS^*.  When  a  warhead 
detonates,  frasnents  are  projected  In  many  directions.  For  spherl- 
cH  warheads  the  density  of  fragments  Is  siihstantlally  constant 
regardless  of  direction.  However,  for  cylindrical  warheads  the 
greatest  density  of  fragments  la  contalrnd  In  a  narrew  sidespray 
(ccmraonly  referred  to  as  the  beamspray)  of  the  order  of  20  degrees 
In  width.  This  beamspray  is  generally  located  near  90  degrees 
from  the  nose  of  the  warhead  aa  lUustraied  by  Figure  1-2. 

Assuming  that  the  warhead  under  consideration  Is  sym- 
me-t — 'cal  about  Its  longitudinal  axis,  the  number  of  fragsienta  as 
a  .'.uxtlon  of  the  angle  6  measured  traa  the  nose  of  the  warhead 
Is  described  by: 


N  •  2« 


9 


do) 


sin  e  dd 


(1-5J 


where: 


N  a  cumber  of  fragments  coctalned  In  the  polar  zone 
(9^  -  9^) 

p(9)  •  nu^er  of  fra^usntr  r<  ■'  steraiUan  in  polar  cone 
between  9  and  e  19. 
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For  cylindrical  warhead.;  detonated  at  one  end,  the  posi¬ 
tion  of  the  fragaent  beamapray  la  slightly  displaced  In  a  direc¬ 
tion  away  from  the  point  of  Inltlatlc...^"® 

The  static  fragment  density  p(d}  Is  usually  obtained 
from  proving  ground  tests,  the  fra^ents  being  collected  In 
flberboard  or  other  material.  When  the  warhead  bursts  In  flight 
each  frasnent  has  added  to  Its  velocity  the  forward  velocity  ccd- 
ponent  of  the  missile  at  the  Instant  of  burnt.  This  shifts  the 
fragment  beazospray  forward  and  also  Increases  the  density  of 
fragments  In  the  forward  hemisphere  at  the  expense  of  the  "ear. 
The  equation  for  making  the  transformation  from  static  to  dynaatic 
condltlorui  lb  given  In  reference  1-10  as: 

V 

cot  a.  »  cot  9  +  —  CSC  a  fi-a) 

V, 


where: 

a^  m  angle  measured  fna  the  nose  of  the  warhead 
(dynastic) 

a  •  angle  measured  frca  the  nose  of  the  veurbead  (static) 
Vb  -•  velocity  of  the  missile 
Vf  •  static  velocity  of  the  fre  nents. 

1.2.6  DETEHHIHmON  OF  lS33Iia  moffim  VEIjOCITr. 

1.2. 6.1  Theoretical  OetemliMitlon.  The  Gurney  fonmilas, 
derived  In  reference  l-Ll.  ba-x=  been  shown  to  be  quite  reliable 
for  predicting  the  initial  velocities  of  fragments  for  cylinders 
and  spheres.  Based  on  simple  consideration  of  the  explosive 
energy  available,  along  with  the  appUcatlr  .  of  the  conservation 
of  energy,  tfc.!  j.-edlctlon  of  Initial  velocity  of  the  fra^ent  la 
given  by  the  following  eq_atlon: 


for  cyllx:ders 


V  .  n 

"  IcM) 


(1-7) 


9 


CQHnBENTIAL 


counriETniAL 


no.  ItEKJRT  NO.  1821 
NA.VVEP3  REPOPr  NO.  7675 


far  ttpheres 


lAere: 


(I-fl) 


Vg  -  initial  frae&ent  velocity  (fps) 

D  >  a  conatant  (fpa)  depending  on  the  e«paaltlan  of 
exploalve  uaed,  OUBN&Y  OOBSIASI 


C  •  velght  of  the  exploalve  charge 


M  >  velght  of  the  fragmenting  metal 


The  above  equations  neglect  the  vork  done  In  break-up  of  the  metal 
casing  and  It  Is  generally  agreed  that  a  very  small  part  of  the 
explosive  energy  la  used  In  this  vay;  hence,  the  Initial  fragment 
velocity  depends  only  on  the  charge-weight  to  metal-weight  (C/H) 
ratio  and  not  on  the  material  or  construction  '>f  the  casing. 

Values  of  the  Gurney  Conatant  (D),  for  s(»e  of  the 
commonly  <iaed  explosives,  are  listed  In  Table  1-2. 

TABI£  1-a  GUSaSY  CONSTANTS  FOR  VARIOCS  HPIOSIVB3 


Explosive 

Gurney  Constant  0  (fpa) 

H-6 

8,400 

Cosposltlon  £ 

8,800 

TlfT 

7,600 

PentoUte 

8,400 

H3X 

a,  ICO 

Plcratol 

7,600 

Tritons! 

7,600 

Mlnol-2 

8,300 

Tarpex-2 

8,C-0 

Caspoeltlon  C-'3 

8,800 
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1.2. 6. 2  Effecta  of  ^Ing  J:-.aoe  and  Thleicneag  on  Initial 
Velocity.  Equationa  (1-7)  and  (1-6)  Bay  be  utilized  In  predlctlcg 
Initial  fragment  velocity,  without  aerlcua  error,  for  practically 
all  typea  of  eaalng  material  provided  that  the  caaa  la  of  unlfczn 
vail  thlckneaa  and  la  either  apherlcal  or  eyllnlrlcal  In  ahape. 
However,  varbeada  are  alaoat  always  designed  with  a  variable  wall 
thlchneaa;  thla  la  particularly  true  for  projeetilea  which  are 
extremely  thick  toward  the  nose.  When  conditions  auch  aa  these 
exist,  the  Initial  velocities  of  the  fragnerts  will  vary  with 
respect  to  the  angle  from  the  nose  of  the  warhead.  Oenerally, 
the  velocities  are  much  lever  for  the  nose  an',  base  fragmf '  ts 
than  for  ^‘amapray  or  side  fragments.  Thus  the  general  practice 
has  been  to  cetermlne  experimentally  Initial  velocity  as  a  func'* 
tlon  of  angle  from  the  nose  of  the  warhead.  A  'cyplsal  Inltlcl 
velocity  curve  la  given  on  Elgure  1-3.  Although  the  aborve  equa¬ 
tions  are  quite  sensitive  to  the  shape  and  thickness  cr  -oa  .ar- 
head  casing,  Oumey's  formula  (Equation  (1-7))  for  solid  cylinders 
has  ahown  good  agreement  with  experiment  for  long  cylinders 
(length  to  diameter  ratio  of  2.S  and  In  scew  cases  even  for 
length  to  dlaaieter  ratio  of  1.25)'^'*'*'°,  and  moderately  good  but 
samewbat  high  results  for  short  cylinders  or  ogives. 

1.2. 6. 3  Experimental  Determination.  The  initial  velocity 
of  a  fragment  wltn  known  mass,  average  presented  area,  and 
average  velocity  over  a  given  distance  may  be  approximated  by 
the  following  equations: 


wb-^: 

Vg  -  Initial  velocity  of  the  fragment 
V,y  »  average  velocity  of  the  fragr  ct 
e  ■  bue  of  the  .^aiural  loBiarlthm 

and 

P,  A  R 

V  •  ^  ■  I 


(1-9) 


(1-10) 
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where: 

«  denaity  of  the  medium 
■  drag  eoefflcleot  (dlaenelonless) 

.i  m  average  presented  area  of  the  fragment  -_aee  equa¬ 
tion  (l-U)  for  a  method  of  determining  A 

R  m  distance  over  which  the  avera;^  fr&^nent  velocity  is 
measured 

m  a  rJuif  ~i  the  fragment 

Equation  (1-9)  was  obtained  by  Integrating  the  standard 
velocity  decay  equation  (Vjj  »  V^e**),  where  Vg  equals 
velocity  of  the  frassent  at  any  distance  (R).  Ear  a  derivation 
of  the  velocity  decay  equation  see  reference  1-14. 

Providing  sufficient  data  are  available  regarding  the  average 
velocity,  average  presented  area,  and  average  mass  of  fragsents 
produced  from  a  given  warhead,  an  estimated  coostant  Initial  velo¬ 
city  for  a  small  polar  zone  may  be  ccoputed  by  use  of  equa¬ 
tions  (1-9)  and  (1-10).  Here  (V.,)  In  equation  (1-9)  la  taken 
aa  the  mean  of  the  average  velocities  for  all  fragments  In  the 
particular  zone.  CX)  and  (m)  In  equation  (1-10)  are  taken  aa  the 
mean  average  presented  area  and  average  mass  respectively  for  all 
fragaents  in  the  particular  zone.  Par  ai  extupla  of  ths  applica¬ 
tion  of  this  method  see  reference  1-lS.  The  equation  for  W) 
given  In  reference  1-12  Involves  a  constant  (0.241)  which  Includes 
the  effects  of  air  density  and  a  conversion  factor  necessary  to 
mar  •  \v)  dlmenalonlesa . 

1.2. 6. 4  Relatlcz.  Between  Kaas  and  Area  of  Praaaents.  Equa¬ 
tions  (1-9)  and  (l-lO)  both  involve  the  ratio  of  the  average  pre¬ 
sented  area  of  the  fragment  to  its  nrose  (X/^z .  If  ccopletely 
randa  3rlentat'i.:.n  of  the  frags«nt  Ic  assumed,  this  ratio  Is  given 
by  the  relation 


-i/a 


V 


l-U) 


'.■bare  K  Is 
travss'nt. 
of  v^ncus 


a  oozutant  dej^ndant  only  upon  ths  gecnetry  of  the 
Table  1-3  gives  values  ol  v’cls  eod.'.tant  for  fragments 
types. 
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TABLE  1-3  VAIIISS  OF  ‘TC"  FOB  FRACKESrS  OF  YAB10U3  TTffiS 


Type  of  Fragment 

jcW 

Handoei  steel  fragnenta 

0.550 

Spheres 

0.3C5 

Steel  cubes 

0.360 

Source  reference  1-14. 

50EE:  in  grasia,  A  In  sq.  cm«. 


Table  1-4  Hate  the  range  of  valoiee  of  E  for  projectile ■»  of  differ^ 
eat  type*.  Tbe  data  preaeated  la  Table  1-4  are  ertractfid  from 
reference  1-13. 


TABU  1-4  RABCZ  OF  X  ?CS  FBAaffiTT  RCN 
PROJECTILES  OP  lUFI’mEBT  TgSS 


Type  of  Projectile 

Type  of  Break-up 

Sellx  of  frag.  baod>a 

Oae-d laena lonal ^ ^ 

0.422  -  0.486 

Medium  sad  large  caliber 

TvoHllaena  la'wl 

0.466  -  0.553 

artillery  H.E.  shell 

and  three- 

aad  SJL.F.  bomba 

dlaenalonal 

0.P,  bombs,  mortar 
^  *.  sbelle,  Inner 
.mm*  of  frag,  bombs; 
low  caliber  HI!, 
artillery  shell 

Two-dimensloiml 

0.553  -  0.757 

SOdZS:  In  H  in  sq.  cae. 

'"Tble  type  of  bre.Ji-vip  could  be  considered  as  eeal- 


controUed.  since  the  lateral  dlaenslons  of  zi>m  frag- 
neats  are  fixed  by  tls  vidtb  and  tblekaees  rf  the  ro' 
or  vire  fanning  *be  nellx.  The  other  <llatasloB  of  tbe 
fra^snt  la  dependent  upoa  the  randoa  break-up  of  the 
rod  aaterlel  along  Its  lorjltud Inai.  axis. 
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1.2.7  TETKOAL  PRAOtERT  YTTOCITT.  Xs  rr&gsie&tr  traval 
through  th«  air,  they  are  eloved  down  hy  air  resistance  so  that 
they  vlU  atrlhe  a  stationary  target  at  a  velocity  lover  than 
their  Initial  velocity.  Since  their  r*igiiag1ng  pcwer  depends  on 
their  temlnal  (striking)  velocity  as  veil  as  thsir  aass,  It  Is 
desirable  to  have  a  convenient  aethod  for  determining  t):3  varla> 
tlon  of  striking  velocity  vlth  such  parasietera  as  fra^Mut  mass, 
dlsteince  of  travel,  etc.  Such  a  method  Is  presented  izi  the 
foUovlng  paragraph. 

If  the  Initial  velocity  la  known,  the  velocity  ^Trsspond- 
Ing  to  a  alven  distance  of  travel  imy  be  cceiputed  by  the  equation 

Vg-V^e-  (1-12} 


where: 


Vji  -  velocity  at  any  distance  R 
Vo  ■  Initial  velocity 
V  •  aa  c.eflned  In  equation  (l>9) 

^le  Initial  dynastic  velocity  of  the  fragswnta  may  be 
obtained  by  simple  vector  addition  of  the  fragment  initial 
velocity  (static)  and  the  velocity  of  the  srlaslle  at  the  time  of 
detonation  of  the  warhead.  Thla  Initial  dynamic  velocity  may 
then  be  subatltuted  for  (Vq)  In  equation  (1>12)  and  the  actual 
terminal  velocity  of  the  frs^asnta  may  be  computed. 

Although  the  drag  coefficient  (Cs)  la  a  function  cf  the 
VC  .oclty  of  the  fragment,  in  the  application  of  equation  (1-12) 
it  la  usually  asetssed  t^'nit  I'j  is  !<ubstantlally  constant  over  the 
dlataucc  of  frwgmrut  travel  (R).  Plgure  1-4  gives  a  plot  of 
aa  a  function  of  Mach  mssher  for  verlous  tnt^weat  types. 

1.2  COBIROLlil'.  liACMEBTATIOS 

An  Important  field  of  Investigation  haa  been  of  dealAn- 

ing  a  warhead  to  produce  fragacnts  of  a  predetenr*  txu  dcslr&bi  ■ 
site.  For  sufficiently  sioclflc  warnead/target  cuililnatlons  this 
is  considered  dseirsble,  since  the  crrrtrol  of  the  site  of  fTa^wnts 
emloted  by  s  warhead  tends  to  decrvaae  the  cwount  of  wstal  that 
will  oe  wasted  In  fr^gsents  either  to'r  cull  car  too  large  to  be 
eff»  'tlve. 
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1.3.1  .V!E1'33EQ  OP  mOEHT  3IZS  C»KrKQL^“^°,  A  number  at 
methods  are  available  for  controlling  the  size  of  fragments  such 
as:  (IJ  preformed  or  precut  fragments.  (2)  notched  or  grooved 
rings,  (3)  notched  or  grooved  vlze,  (i)  notched  casing,  (5^  multi¬ 
ple  vails,  and  (6)  fluted  liner.  A  basic  discussion  of  each  of 
the  above  methods  of  controlling  frag^nt  size  is  presented  in  the 
following  paragraphs. 

1. 3.1.1  Preformed  Pragmenta.  Individual  frasaenta  may  be 
cut  or  formed  to  the  oeslred  size  prior  to  fabricating  them  onto 
the  vexhead.  Under  this  condition  the  only  poaalble  deviation 
from  the  Initial  slza  vculd  be  a  v-esult  of  breakage  upon  expul¬ 
sion,  arJresim  to  each  other  or,  poaalbly,  to  other  parte  of  the 
warhead.  However,  these  factors  msy  usually  be  consider'd  nsirll- 
glble  and  for  all  practical  purpoaea  nearly  100  percent  frasaenta- 
tlon  control  la  achievable. 

The  principal  objection  to  a  vlde-scale  application  of 
thla  method  of  control  Is  that  additional  structure  Is  required  for 
support  of  the  fragments.  Thla  structure  usually  conalata  of  thin 
metal  Inner  and/or  outer  liners,  to  which  tha  frasBents  are  attached 
vlth  adhealve,  which  add  to  the  overall  weight  but  contribute  very 
little  to  the  effectlveneea  of  the  warhead.  A  second  objection  to 
preformed  frasaents  Is  the  resulting  loss  In  fragaent  Initial  velo 
city  as  compared  to  natural  fragaentlng  warheads.  Tbit  velocity 
loss  la  due  to  the  rupture  of  the  warhead  casing  early  la  tha 
expansion.  PoUowlng  the  rupture  of  tha  casing,  the  explosive 
gases  escape  through  the  interstlcee  be  .ween  the  fragments  and 
expand  to  atmospheric  pressure,  tbut  decreasliig  the  distance 
through  which  the  accelerating  forces  act  on  the  fragmenta.  Becent 
developaents  have  proven  that  plastics  such  as  flberglss  Isnlnates 
m  /  be  successfully  es^loyed  as  liner  materiel. 

Frimar>  cuanrplea  to  date  of  q^pUcatlona  of  the  prefoimsd 
fragment  principle  are  In  the  fragBentstlon  warheads  for  the  ITOCS 
AlU,  XXE  KE?.CUI£2,  am  HAMC  missiles. 

1.3. 1.2  Sotehe'^  Rl.'»;s.  In  this  method  of  controJ ,  a  aeries 
cf  notched  rings  are  fitted  together  to  form  the  viu.x-ad  caslj.g, 
each  ring  thus  forming  a  section  of  the  warhead  TWdrponnlcuiar  to 
the  axis  of  aymmetry.  Httentlally,  the  thlehsrs-  und  width  of  the 
rings  provide  control  of  two  dimensions  cf  the  fngiaents,  while 
notches  In  the  circumference  of  ti  :  rln^  provide  places  of  veaiuiess 
where  breakage  In  the  third  dlrcctic*'.  is  detired. 


17 


ooHFiamnAL 


coHmEyriAL 


HWL  REPORT  30.  1821 
SAWEPS  REPORT  30.  7673 


l.S.1.2  Hotehed  Vire  Itethad.  In  general  this  method  Is  simi¬ 
lar  to  the  notched  rings,  discussed  In  the  preceedlng  paragraph, 
except  that  notched  vlre  is  wound  In  a  helix  or  spiral  shout  the 
varhesd  casing  to  control  rra^entstlon. 

l.S.l.i  Notched  Casing.  Instead  ut  notching  In  one  dlrec- 
tloo  and  having  actual  dlscostinultles  in  the  aetsl  In  the  other 
directions  (such  as  In  the  notched  ring  cr  wire  method)  it  is 
posalhle  to  cut,  punch,  or  cast  a  two  dlmens-onal  netwarh  lU^to  a 
solid  casing.  In  principle  this  method  Is  the  same  as  In  the 
notched  rings  or  wire. 

1.3.1. 5  Multliile  Walla.  The  sniltipie-wall  casings  are  made 
hy  using  close-ritted  cylinders,  each  with  thlcicneae  t/n,  wicro  >. 

Is  the  total  thickness  ot  the  sM  n  Is  the  nuah''  yf  vails, 

nils  method  does  not  give  complete  fragaentatlon  control  since 
only  the  thickness  of  the  fra^aenta  la  uniform.  The  effait  of 
ualng  multiple  valla  hee  been  to  reduce  the  average  fxa^Miit  maas 
and  Increaea  the  number  of 

1.3..‘1.6  Pluted  Liner  Hethod.  In  this  smthod  the  ezploalve 
charge  la  grooved,  so  that  the  reaultlng  shaped-charge-effect  vlU 
break  up  the  caalng  In  the  deelrad  plaeaa.  The  charge  Is  grooved 
by  means  of  the  fluted  liner  (vhich  Is  somstlaes  constructed  of 
plastic,  wood)  or  rubber)  Inserted  between  the  solid  metal  caalng 
and  the  explosive.  When  the  warhead  la  detonated,  the  flutea 
give  a  shaped  charge  effect  which  tends  t**  cut  the  metal  easing 
In  the  pattern  formed  by  the  grooves. 
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2.1  BLAST>ECT3ENAL 

2.1.1  IHEBODUCnON.  Generally,  blnet  intenalty  froe  high 
ejcploalve  ordnance  Itema  msy  be  adequaTely  described  in  terms  oi 
tvo  quantities  -  peak  pressure  (P)  and  positive  impulse  (X).  Both 
quantities  vary  with  distance  from  the  charge  and  are  affrcted  by 
such  parameters  as  charge  ccoipositlon,  charge  gecnetry,  casing 
material,  atmospheric  pressure  and  tenqperature,  and  Mach  wave 
reflections . 

This  section  provides  a  brief  review  of  theory,  jre- 
sents  expe'T'lmentSLl  data,  and  ccoipare^  the  two.  Much  of  the  work 
presented  in  lids  section  haa  been  extracted  frm  the  excellent 
work  of  Olvlalon  2  of  tht  National  Defense  Eeoea.cb  Canal  the 

Ballistic  Research  Lahoratorles  and  the  Naval  Ordnance  Laboratory, 
lAilte  Oak. 

2.1.2  PHEHQMEM.  OP  HIGH  ETPLOaiVE  BL4ST  IN 

2.1.2 .1  Propagation  of  the  Shock  Wave.  The  rapid  expanaion 
of  the  oasa  of  hot  gaaea  resulting  frcm  the  detonation  cf  an  explo 
slve  charge  gives  rise  to  a  wave  of  ccetpresalcn  called  a  shock 
weve,  which  is  propagated  through  the  air  with  a  velocity  ini¬ 
tially  such  greater  than  the  velocity  of  sound.  As  Uluatrated  by 
Plgure  2-1,  if  the  front  of  the  snock  wave  is  considered  to  be 
infinitely  steep,  then  the  time  required  for  the  conpresslon  of 
the  undisturbed  air  ahead  of  the  wave  to  full  shock  wave  pressure 
is  zero. 

Por  a  spherically  shaped  high  ejcploslve  charge,  the 
resulting  shock  wave  will  be  spherical,  and  since  its  surface  co2>> 
tie  ;s  to  Increaae  aa  the  shock  wave  travels  outward  fren  the 
charge,  the  ersrgy  per  unit  k-r-a  continues  to  decrease.  Thus,  the 
pressure  at  tne  wave  iront,  "the  peak  preasure",  also  continues 
to  decreese.  An  additional  decrease  in  pressure  nay  be  attributed 
to  attenuation  in  the  form  of  work  d.'ine  on  t' .t  .vl_r. 

Behind  the  shock- wave  frost,  this  pressure  In  tLe  wave 
decreases  froa  its  initial  peak  value  Nsar  the  chars',  the  pres¬ 
sure  in  the  tail  of  the  wave  is  greater  tnan  cue  almosT-bere .  B.t, 
as  the  ware  propagates  outvvd  fros  tno  charge,  a  mrefbuilcn  wave 
is  foraad  which  follows  the  shock  wave.  At  sons  distance  fros  the 
detonation  point,  the  pressure  behind  the  shock  wave  front  falls  to 
a  val'os  less  than  one  atmosphere,  srl  ''hen  ^-izes  again  to  a  steady 
'/alu*  equal  to  one  atmosphere.  Tht  pert  of  the  shock  wave  In 
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which  the  preaaure  la  greater  than  one  ataoephere  la  called  the 
-poaltl'/e  -phaae,  and  Innedlatei/  f  ollcrwlng  ,  the  paurt  In.  which 
the  preaaure  la  leaa  than  one  ataoaphere  la  called  the  negative 
or  Bxictlon  thaae.  Ear  a  dlacuaalon  of  the  theary  of  ahock  vavea 
ae«  reference  2-2, 

If  the  ahock  wave  velocity  la  knowa,  the  peak  atde^on 
ahock  preaaure  aay  he  -btunad  fr«  the  Rankine"  ffiigonlot  condition 


where: 


r,  a  peak  ald«-on  preaaure 
Rg  >  aableiit  ataoapbsrlc  preaeare 
7  -  ahock  velocity  In  atlU  aXr 
u  •  aound  velocity  In  air  ahead  of  ahock 
7  m  ratio  of  apeclfic  heata  (equal  to  l.i  for  air; 
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2. 1.2 .2  Preasure-Tlge  RelatlORshltis .  A  fixed  gauge  with 
respect  to  a  charge,  which  is  capable  of  icdicating  the  side-on 
pressure  instantaneously  applied  will  record  pressure  in  the  wave 
as  a  function  of  time .  Ihe  resulting  press’'  .-e-  iii!.s  curve  is  .  very 
similar  to  the  curve  discussed  above  and  to  Figire  2-1.  The  time 
elapsing  between  the  arrival  of  the  shock  front  end  the  arrival  of 
the  part  in  which  the  pressure  is  exactly  a-tmospheric  is  called 
the  positive  duration.  An  important  cjuanvity  In  the  application 
of  blast  measurements  is  the  Fosltlve  Impulse  (Ij,  which  is  'the 
average  pressure  during  the  positive  phase  multiplied  by  the  'Posi¬ 
tive  duration.  Mathematically,  Positive  Impulse  may  be  ex^xessed 
as 

t 

1  [  P(t)dt  '2-C; 


where: 


t  »  tine  of  positive  duration 

F(tJ  -  positive  pressure  expressed  as  a  function  of  time. 

2. 1. 2. 3  Reflection  of  S-trorut  Shock  Waves.  When  the  pressure 
in  the  shock  vuve  is  appreciably  above  one  atmosphere,  the  phenomena 
may  be  described  in  the  following  manner.  In  Figure  2-2  there  are 
represented  three  successive  stages  In  t  e  reflection  of  strong 
shocks.  The  incident  wa-ve  1^  is  first  shown  as  it  touches  the 
reflecting  surf see  S.  The  excess  pressure  above  that  of  the  atmos- 
pir’~’  ut  this  point  is  more  t-haa  twice  that  of  Ij,  elsewhere.  The 
magnitude  of  the  increase  cf  pressure  over  that  of  Ij^  is  determined 
by  thp  strcr.gth  of  I.. 

As  the  Incident  wave  expends  to  srae  great'’-'*  I2,  the 
reflected  wave  ,  also  expands,  but  the  reflected  wave  is  not 
spherical  os  in  the  css*  ,f  ,ery  wes"^  «Jiock  waves.  The  angle:  at 
which  and  R^  meet  tlv:  surface  S  sxe  not  equal,  in  -^-.’.xral,  .-.rd 
the  angle  of  the  reflected  shack  li2  depenos  upon  tlic  ^t’~nc*’.h  lai 
angle  of  incidence  of  the  incident  shock.  It  h*s  been  rourd.  -that 
for  each  rat-t.o  of  the  ■pressupe  l;i  frint  of  the  shock  wave  to  that 
hosei^lately  behind  the  wave  frout  ’’-•re  is  s  critical  angle  of 
Incidence  beyond  which  reflecti'V.  r‘  -ho  lypj  at  is  imiwssiblc. 
The’.j  is  seme  place  along  the  grc.jDd  where  a  new  tjpe  of  reflection 
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called  Mach_2enect^^  take*  piece.  'Hib  Istereectlon  of  R  aod  I 
no  laager  Ilea  on  6,  but  lies  above  It  and  foUowa  scm  path,  L. 

A  nev  wave  M,  tbc  Mach  wave,  connecta  the  Intersectloa  of  R  and  I 
to  the  surface.  'Hie  Interaectlon  of  the  incident  wave,  the 
reflected  wave,  and  Mach  wave  la  called  the  triple  tolnt. 

Aa  the  phenaaeaon  progresses,  the  Itaeh  wave  grows  and 
the  t'~''ile  point  describes  a  curve  through  the  air.  the  geoaetry 
of  Mad.  reflection  phenoaenon  has  bean  studied,  with  particular 
reference  to  the  path  followed  by  the  triple  point,  by  various 
investigators .  Qopirical  oethods  of  analyzing  blest  data  and 
oethods  for  expressing  the  height  of  the  triple  point  as  a  func¬ 
tion  of  distance  are  reported  in  reference  2-C .  typical  paths  for 
several  charge  hdl«..^ta  and  weights  sre  •ham  on  Ttgura  2-3. 

Aa  the  Mach  wave  grows  in  height,  it  absorbs  tee  Inc*- 
dent  and  reflected  waves.  tUtiaaiely,  at  distances  "ezr  Ic.r,<e  cr. — 
pared  to  heights  of  burst,  tLs  whole  coufiguratior  ss  shocks 
becooes  spproxl'nstely  a  slnels  spherical  shock  wave  intersecting  the 
ground  orthogonally. 
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2U..2.4  gffoeti  of  Quanw  SImbbo  OrlentAtlon^*.  Tba 
orlestAtlon  of  noz>«pberlc*l  chatrges  rolAtlve  to  gau«e  ha*  a 
■lipolflcaat  e^ect  on  the  Inteaalty  of  the  meaauxed  shock  pres¬ 
sure  and  Inpulse,  since  the  shock  configuration  fron  such  charges 
Is  nr  a  conpJLea  nature.  For  eraaple,  bridge  vaves  resesihllng  Mach 
waves  form  off  the  edgec:  of  ‘'vUsdrlcaJ.  charges  and  the  pattern 
sons  tlse  after  eaer aence  takes  the  foxB  lUustrsted  by  Figure  2-4. 

Assyoetry  la  not  the  only  cause  c'  ccutpUcatlons  In  wave 
patterns,  for  t-v'n  In  spherical  expUialcos  ovay  from  all  reflecting 
surfaces  the  gauges  lrdlea.e  the  existence  cf  secondary  and  tertiary 
shocks.  However,  In  neaaurenents  off  spheres  and  off  sides  of 
cylinders,  these  secondary  shocks  are  anal  I  relative  ’’o  tho  pr'  nary 
wave.  Hence,  meaeureaenta  of  lopwlae  in  theae  ens^s  usually 
exclude  the  eontrlbutlone  of  theee  secondary  shocka..  In  asaaure- 
menls  off  ends  of  cylinders  sad  Snglneer-'  dftiolltlon  blocks, 
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however,  saeoadary  peaka  are  large  and  occur  veil  vltMn  tlie 
Initial  poaltlve  pbaaa,  aa  1 lluatratad  by  Tlgure  2-5.  Tberefore, 
tba  impulse  data  Includa  tl»  area  beloir  the  aeeosdary  peaks. 


noon  s-5  w"  fom  an  wa  orxoms^'* 

Tbs  second  shock  la  at  times  aa  Intsnaa  aa  t<je  first 
shock,  partlmlarly  in  the  ernes  of  charges  vlth  L/iiai .  Peak  y.  ’^s- 
sure  in  rjcli  eases  is  the  pressure  k'  the  first  vhlla 

iaqpulse  la  taken  to  be  tbs  entire  az~«  of  the  preasure-tljBS  curve 
abeve  t£a  ancient  level 
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Flfurea  2-6  aod  2-7  froa  reference  2-4  caqpare  the  pres¬ 
sure  and  impiLUe  curves  tor  cyUsdrlcaJ.  and  spherical  charges  of 
Co3;poaltlan  B.  Generally  the  results  presented  In  reference  2-4 
indicate  that  the  Initial  Intensities  for  spheres  are  lover  than 
cylinders . 

2.1.3  THE  V/JOATICa  OF  PEAK  HffiSSURE  AMD  PDSmVi:  DfflUISE 
WITH  JISTAMCE  FRCM  THE  CSAECS: 

2. 1.3.1  Theory.  In  the  study  of  explosions  and  the  shod 
vsves  resulting  freet  them,  one  of  the  mo^t  Isportent  and  sa  the 
ease  time,  one  of  the  most  difficult  ptohlera  v-e  to  understand 
the  laws  that  govern  the  propagation  of  shod  through  the  air. 

In  1944,  a  theoretical  solution  to  the  oz>s  dlaenalonal  spbericul 
hlaat  problem  vaa  devised  by  KlrJcwood  and  Brinkley  (iT<'*'>-ncsa  2-6 
and  2-6).  Basically,  Elrkwood  and  Brinkley  tranofoned  tns  non¬ 
linear  hydrodyssBilc  equations  Into  a  set  of  ordinary  partial 
differential  equations,  which,  together  vlth  (1)  the  fianklne- 
Hugonlot  relationships  and  (2)  an  assumed  energy-time  curve,  mode 
It  possible  to  obtain  approximate  space-time  values  of  the  blast 
presatire  and  positive  impulse. 

Va 

2. 1.3. 2  Verification  of  Theory.  The  Klricvood-Brlnkley  the». 
retlcal  results  have  been  verified  to  a  surprising  degree  over  a 
vide  range  of  variables.  As  shown  on  figures  2-8,  2-9,  2-10  and 
2-11,  excellent  sgreoent  exists  between  the  experimental  points 
of  Fisher  and  WelbuU  (references  2-7  and  2-6)  and  the  theoretical 
curves  calculated  by  Kirkwood  and  Brinkley.  The  theoretical  curves 
for  TSS  and  FentoUte  are  baaed  on  the  assumed  values  of  1060 
cal/s  and  1450  cal/g  as  tbs  energy  of  detonation.  The  better 

gee  agreement  Is  found  for  TST  but  that  for  FentoUte  Is  by 
no  means  considered  poor.  The  peek  pressure-dlatance  curves 
exhibit  tbe  bsst  sgretnent  between  theory  and  experiment,  prob¬ 
ably  because  the  peak  pressure  Is  a  relatively  Insensitive  func¬ 
tion  of  the  energy-time  relationship  assumed  The  iiti'llse  curves 
show  greater  dl:  '■epsincies,  bowever,  because  -chay  are  significantly 
more  sensitive  to  this  rel'-tl'^nship. 

2. 1.3. 3  Brolrlcal  Formulae.  Tlit-  s^de-on  exceed  peak  prer- 
surea  and  positive  impulses  of  aSr  si'  .ck  waves  frr  i  d.tr''-tlcsu  wf 
spherically  shaped  explosives  charges  of  SO/SO  IvotcUte  have  been 
measured  by  BEL  (refereiuc  2-13)  undi^  ambient  atmospheric  pres¬ 
sures  end  tessperat<’res  simulating  altit’ces  nn  to  SO, COO  fsM.  The 
reduction  In  peak  pressure  end  posttJ..'  i^uliie  attendant  on 
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decrease  In  ambient  preaaure  for  v>Juea  of  ranging  from 

approximately  2  to  20  can  be  expresaed  by  tbe  following  equations 
derived  frca  BRL  experimental  data. 

?ar  peak  pressure: 


37.95 


154.9 


203.4 


?or  positive  impulse: 
I 


(a-3) 


log 


10  _  2/3  yl/3 
?0  " 


1.374  -  0.695  log^Q  '---iJ 


where: 


p  *  peak  pressure  In  pal 

Pg  •  ambient  atmospheric  pressure  In  atmospheres  (1  a^os- 
phere  »  11.7  pslj 

Z  m 

R  a  distance  froa  explosive  In  feet 

U  ■  weight  of  explosive  In  pounds 

I  a  positive  Impulse  In  psl  mlUlsecoixls. 

Equations  (2-3}  and  (2-4),  eibove,  may  be  applied  to 
other  exploslver  through  tl»  use  of  eppllcable  relative  peak 
pressure  acd  positive  impulse  vaOues.  Ttible  2-1  simarlzes  tbm 
peak  presstire  and  positive  Impulse  values  of  several  exeVosivea 
relative  to  TSS  (references  2-14  and  2-15}. 

2.1.4  CZSaa  EFTBCrS  UH  KUST 

2.1. 4.1  runctlona  of  tha  Warhead  fsee.  Veeponr,  w'.er  t»n; 
Into  serrlee,  nonnally  mq>loy  som  type  of  easing  r-cusl  the 
high  exploelve  chsrge.  The  function  of  the  ease  depends  upon 
vnethex  the  warhead  is  designed  to  be  'tut rented  .'.nslde  or  outside 
of  tbe  target  envelope,  that  Is  whether  >'.a3t  Js  Ixtemal  or 
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external  to  the  target.  cae^rg  ^or  an  internal  blaat  warhead 

snist  function  not  only  aa  a  container  for  the  exploalve  charge  but 
alao  aa  a  aeaaa  for  penetrating  the  target.  Tie  case  for  an  exter¬ 
nal  blaat  warhead  serves  primarily  as  a  container  for  the  charge. 
Considering  both  Internal  external  blast  warheads,  a  secondary 
purpose  of  the  casings  la  the  potential  damage  capahlllt>'  as  a 
result  of  case  fra^entatlon. 

2. 1.4. 2  Fano  Farguia^^*.  The  steel  case  retaining  an 
explosive  charge  reduces  the  blast  effectiveness  of  the  charge, 
siiwie  energy  Is  required  to  accelerate  the  casing  after  dct^nctlo^ 
been  accospllshed.  Tie  effect  of  this  was  first  studied  by 
?Bao  of  cTn  wb.^  produced  tha  following  fonBi'a; 


W'  ,  0-3  for  peak  presaurs  Ca-S; 

W  *  1  +  SI  positive  inpulne 

C 


'Wii  m  equation  was  developed  through  the  extension  of  the  work  of 
Oumey  who  considered  the  kinetic  energy  at  the  time  of  rupture  as 
being  made  up  of  tha  kinetic  energy  of  the  explosion  produced  gases 
and  the  kinetic  energy  of  the  case. 

later  investigations  of  casing  effects  on  blaat  at  the 
Baval  Ordnance  laboratory,  reference  2»16,  yielded  the  foUiwlng 
esiplrlcal  relations. 


7or  positive  Impolse: 


y 


(1  -  M') 


^  c 


Tor  peak  pressure: 


iLl 

w 


1.13 


(2-6) 


(2-7) 
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W'  =  equivalent  bare  cbarga  velght 
W  3  actual  charge  velght 
M  ■  case  velght  In  cyllixirlcal  section 
C  3  charge  velght  In  cylindrical  section 
M'  3  M/C  vhen  M/C  <  1 
M'  3  1  M/C  >  1 

2. 1.4. 3  British  Formilae.  A  relatively  recent  pcrlea  of 
casing  effects  testa  vaa  conducted  by  the  AHDE  (refererc*.  2-1/), 
vhlch  utilized  66  pound  cylindrical  charges  of  HHJC/TNT  ('^j/40) 
and  ltlnal-2  (40^  Hrr/40/^  Amonlum  nltrate/20^  Aluminum).  Tbis 

charge  velght  to  total  velght  ratios,  ^  -  A,  ranged  frcm  .05 

C  -p  M 

to  1.  Utilizing  data  froa  these  testa,  AHDE  developed  the  foUovlng 
empirical  relations. 

For  con-alumlnlzed  exploalvea: 


.a  ♦  .2A 

2  -  A 


for  peak  pressure 


IL  -4  ■'•>A 

W  “  .j  -  A 


fur  positive  Ijqpultte 


It  should  be  noted  that  the  Crltlcu  fonaula  for  positive 
Impulse  (equati'.,/  2-9)  is  the  same  as  tha  Fhno  rozasila  (equa,« 
tlon  2-5). 

Per  al'jmlnlzed  explosive: 


U'  1.10  -  0  lOA 

TT  •■■■  a  -~A - 


for  peak  pressure  (2-10) 

and  ^''osltlve  Impulse 
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2.I44.4  CanTiarlaon  of  F-jrau-lfs .  A  sr-jjtiicaJ.  comparison  of 
the  NOL/WO  fonmilae  with  the  British  Fonaulae  Is  shown  in 
Figure  2-12.  Regarding  non-alviminlzed  explosives  it  Is  evident  that 
both  Faao  and  aREE  results  (equations  2-5  and  2-9)  agree  for  posi¬ 
tive  Inpulse  but  are  lower  than  SDL/WO  results  (equation  2-6)  for 
-/alues  of  "A"  greater  than  0.4.  The  British  results  for  peak 
pressuie  (equation  2-8)  are  considerably  higher  than  the  KJL/WD 
revised  formila  (equation  2-7)  for  peak  presaxare  for  values  of 
"A"  leas  than  0.5. 

Regarding  aluminized  explosives,  the  curre  (equat:'  -n  2-10) 
Indicates  e'<  Increase  in  both  peak  pressure  and  positive  Impulse 
over  that  obta.iied  for  comparable  weights  of  '•os-aliialnlaad 
explosives . 

Based  on  results  available  In  the  references  uni',  on  -he 
graphical  canparlson  of  the  above  fonmilae  it  Is  suggestet?  that: 

1.  Equation  2-10  be  used  for  peak  pressure  and  positive 
impulse  for  aluminized  explosives. 

2.  Either  equation  2-5  or  2-9  be  used  for  positive 
impulse  for  noi^alumlnlzed  explosives. 

5.  Equation  2-8  be  used  for  peak  pressure  for  non- 
alumlnlzed  explculves. 

2.1.5  BCFERlMEmL  MACH  REELSmON  S-JDTBS 

The  reflection  of  shock  waves  at  oblique  angles  of 
Incli-'nce  upon  surfaces  of  bard  packed  clay  soil  and  water  has- 
been  -tudled  by  NQL  In  reference  2-16.  Beak  pressure  Infomatlon 
was  obtained  in  the  far  Mc-.h  ro^loh  aloixg  the  reflecting  surface 
by  tbe  shock  velocity  method.  A  perfectly  rigid  reflecttng  sur- 
x'ace  was  simulated  by  the  Intersection  of  shoch  waves  f’nxa  two 
Identical  spherical  charges  fired  almultaneou-jy. 

2. 1.5.1  Mach  Reflection  Coefficients.  The  effects  of  each 
type  of  reflecting  surface,  reported  1.;  the  above  studies,  are 
expressed  as  reflection  coefflcle-its .  The  coefflcj "its  are  give  -, 
as  the  ratio  of  weight  of  explosive  necessary  to  '.c  rired  In  free 
air  to  that  fired  near  the  reflecting  so^’face  to  produce  the  same 
pressure  at  the  same  radial  dlstorme.  Ki-cHts  bf  these  studies 
are  presented  In  Table  2-2  as  a  fUnct'.r.-.  cf  reduced  charge  height 
above  sflectlng  surface  (h/W-**^)  in  i.ft/lb^'*). 
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IAai£  2-2  REmmCH  0D33TICE3nS 


Charge 

h/W^/® 

Reflector 

3-lb  THT 

2.14 

Hard  Clay 

3-lb  THT 

0.33 

Hard  day 

^Ib  THT 

0.62 

^rd  ClAy 

Tvo  d-lb  THT  Charges 

2.14 

Jerfeet  Reflector 

Tvo  ^Ib  Tirr  Charges 

0.62 

Perfect  Reflector 

Tvo  d-lb  THI  Charges 

O.Sh  i 

Perfect  Reflector 

i-lb  P-ni.iilte 

l.SO 

Water 

2,1.6  APPUCATIQS 

2.1. 6.1  Free  Air  Slaat  EatimA-ten .  Tb#  eatlBatlon  oi"  lieafc 
•presBure  sod  poaitl'ire  lapulae  tar  specific  vnrbeada  may  be  accco- 
pllabed  ttaxougb  tbe  appOicatlon  of  the  precedii;g  formulae  aod  data 
preaeBtatlosB .  For  example,  the  expected  free-air  bleat  preaaure 
and  poaltlve  tmpulae  of  the  MASS  61  Lav  Lrag  Braih  could  be  esti¬ 
mated  through  the  use  of  the  eqiiation  aod  curve*  glvea  la  aee- 
tluna  2.1.2  and  2.1.4.  Baaed  on  the  geosetrlcal  dlmenslona  aod 
explosive  characteristics  of  the  bomb,  an  equivalent  bare  charge 
velght  (V')  vculd  he  computed  through  the  use  of  equation  2-10. 

Tint  resulting  velght  vould  then  be  adjusted  to  an  equivalent 
velght  of  an  explosive  for  vnlch  empirical  joressure  and  impulse 
versus  reduced  distance  (S/W^  data  exist.  Xhovlng  the  equiva¬ 
lent  free  air  bare  charge  velght,  the  Tgesaure  or  lapulae  at  a 
given  distance  R  may  be  read  directly  free  an  empirical  curve 
such  w  Figures  2-6  and  2-10. 

2.1. 6.2  llacn  Rf^a'on  Blast  Rstlnates.  Bstlaates  or  the 
blast  pressure  and  Impulse,  under  conditions  vhere  ths  target  or 
gauge  vould  be  positioned  vlthin  the  Mach  reg' .'n  (see  /igure  2-12) 
may  be  mida  In  a  ,..'nner  similar  to  that  described  previously  for 
free-alr.  Hbvever,  it  vould  first  be  neceessary  to  make  an  addi¬ 
tional  adjuauaent  to  the  equivalent  oare  charge  velght  account 
for  Mach  vave  reflection.  The  e<pil valent  hare  charge  vi-lght  In 
the  Mach  region  vould  he  obtained  by  multiplying  the  obtained 
for  free-alr  by  an  applicable  reflection  coefficient.  Values  for 
various  xe fleeting  surfacea  may  be  obt-tlned  from  Able  2-2. 
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wnere; 

Fj  3  excets  alde-on  pressure 

Fg  a  sBiblent  a-biiospberlc  pressure. 

Figure  2-14  presents  experimentally  derived  curves 
relating  scaled  alde-on  and  face-on  Impulse  to  scaled  distance  for 
l/2  to  8-lb  spberlcal  Fentollte  SO/50  cbarges.  ^lese  curves  may 
be  uaed  to  estimate  tne  expected  positive  Impulse  at  tbe  reflect¬ 
ing  surface . 
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4.4.2.:’  Pgr.etra-tlpn.  When  a  Jet  strikes  a  target  of  mild 
steel  or  armor  plate,  pressures  of  the  order  of  250,000  atmospheres 
are  generated  at  the  point  of  contact.  Since  this  is  far  above 
the -yield  strength  of  any  steel  the  target  flc-s  out  of  the  path 
of  the  Jet  as  would  a  fluid.  There  is  so  much  radial  monent-um 
SLsaoc dated  with  the  flow  that  the  diauaster  of  the  hole  produced 
la  much  larger  than  that  of  the  Jet.  The  difference  in  diameter 
between  the  Jet  and  the  hole  it  produces  is  not  co.nstant;  tlat 
Is,  it  depends  -upon  the  characteristics  of  lie  target  mateilal. 

?or  inata-nce,  a  hole  of  much  larger  ilaoeter  is  found  i.t  mild 
steel  than  In  hosiogeaeous  armor  plate.  However,  the  deptx-  of 
penetra.i-o  of  a  Jet  l.nto  very  thick  slats  ;f  till  steel  or  armor 
plate  is  nearly  e<iual. 

The  kinetic  energy  from  the  particles  is  1 _ ■’■sed 

radially  as  the  particles  strike  the  target  (Jlgurc  i-i-i.).  Pri¬ 
mary  penetration  is  ccepiete  when  the  last  Jet  particle  strikes 
the  target.  Tim  actual  per-eTratlon  does  not  stop  ’xitll  the  kine¬ 
tic  energy  Imparted  to  the  target  material  by  the  Jet  is  dissi¬ 
pated.  The  alight  addltiocal  penetration  cauaed  by  this  aftir- 
flow  is  known  as  saeondary  penetration.  The  depth  of  seconnary 
penetration  depends  upon  target  strength.  It  Is  believed  that 
this  accounts  for  the  slight  difference  in  the  depth  of  penetra¬ 
tion  in  mild  steel  aal  in  armor  plate.  The  probability  of  sane 
differences  in  the  depth  of  primary  penetration  into  these  two 
aetals  muat  not  be  overlooked  either. 

The  steady-state  penetration,  eq:uation  (4-13), 


(*-13) 


which  holds  only  for  Ideallied  jets  whose  -emaln  cor;- 

stsnt  thrrtiq:.,-.  the  penetration  pri.cess,  bed  to  be  modified  to 
take  into  consideration  J'-»t:  that  are  not  conotaiit  tut  which 
change  character  as  they  travel*"*.  In  equation  (4-.’T',  \ 
equals  a  factor  which  aoci-wnts  for  tj.*  rm^ure  of  the  .)e». 
(particulate  or  fluid),  i  equ.-'X*  tla  .-ength  of  f-;  tuI 
and  o  tht  deneitiee  of  the  Jet  and  target  material  rwapectively. 
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Pi^h***  took  into  ac.  junt  tlie  velocity  dlstrlbutloa  in 
the  Jet,  end  the  varlAtion  of  V ^  with  peoetratlon  dlatance. 
Fugh's'^^  equation  for  penetration  la 

P  -JUp  dt  «  *  J  (lOj)*  di  -  Joj  ^  T  (*-14) 

vhere  J  and  i  are  average  quantitlea  taking  into  account  the  vari¬ 
ation  of  Xfij  and  i  in  tine  for  the  elenent  of  the  Jet  c-^ective  in 
penet-ecisg  the  target  at  tine  t. 

The  penetration  equation  iresenteu  by  Ih.cheXU:2  Is 


P 


rPi 

p. 


i  pt 


(4-15) 


vhere  V<  and  the  penetration  velocity  0p  are  Inatantaneoua 

70^  !•  aubstituted  for  Xoy  and  a  equala  the  difference 
betveen  (target  hardneae)  and  Oj  (jet  bardneaa).  /  la  a 

atatlatlcal  factor  vhl'h  dependa  on  all  of  the  factors  that 
produce  changes  in  either  X  or  p^. 

4.5  PgntTRATTOH  PACTORS 


Many  factora  affect  shaded  charge  perfamance}  $amm  of  thaai 
vUl  he  diacuased  In  the  foUcwlng  sectlona. 

4.5.1  lUIX  or  IBIDSATinB,  TIT*  A5D  lOSITI  OP  EXPLOeiVS 
CSARd.  7  nr  staRd-T^  cuooiciona  a  difference  in  the  depth  of 
penetrstloo  and  in  ca'/lty  volune  la  readily  aeen  vhen  different 
ezploalve  are  uaed.  Table  4-1  Ir  a  tahulrtlon  o.*  expl»> 

slve  perfore-'-ce  observed  in  atatic  penetrmtlna  ceata  at  the 
B3VW0.  Xeauug  vaa  perfonrad  vlt.*!  cylindrical  cnargea.  The 
jeoaetry  of  the  chargea  tested  vaa  standardised;  thet  is,  the 
chargea  had  a  dlMNCtar  of  1.65  inenea..  vere  4.0  l.anea  hlah,  ve-c 
cast  or  pressed  over  M9A1  type  aU-1  conical  1.*  .er* ,  ’'-rc  ?t.ut 
initiated,  and  vere  fired  Into  alia  steel  ta:«eta  at  a  atandoff 
distance  of  4.0  iucher. 
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'iJbe  octol  group  of  explosives  offers  up  to  20  peir- 

eent  greeter  penetration  then  the  other  e^^loslves  tested  end 
satisfy  such  requlreaents  as  sensitivity,  avellshlllty,  competl- 
blHty,  etc.,  bjt  vlth  the  possible  exception  of  coet'*"'*'’ . 

Burhe,  Cook,  and  others  at  duPont  showed  that  with  a  knowledge  of 
the  density  and  detonation  velocity  of  explosive  a. good  estl- 
sate  of  performance  sight  be  obtained'*'*.  Hare  specifically, 
results  frcB  tests  performed  with  steel,  al'stlsuB,  and  copper 
liners  revealed  that  both  depth  of  penetratloz.  and  cavity  voluse 
were  a  linear  function  of  the  detonation  pressure.  Figure  4-12 
shows  the  variation  of  penetration  with  detonation  pressure  .  r  d 
nuniber  of  l.\=  exnloslves  given  in  Table  4-1.  4-13  Is 

soBKWbat  similar  to  Figure  4-12  with  the  exception  that  three 
different  types  of  liner  materials  were  used. 

lABTP  4-1  SEAPEI)  CHARCZ  FENETPATZOir  WITH 
VjmiOUS  EXPLOSIVES*"*** 


&cploslve 

IB^HI 

77/23  woc/Tarr 

1.80 

8490 

/.4S 

7S/2S  aO/THT 

1.80 

8430 

7.39 

FIX-2 

1.68 

8000 

,5.57 

75/25  Rac/Tm 

1.68 

8060 

6.24 

70/30  MDC/urr 

1.69 

7930 

6.21 

60/40  RnX/THt 

91/9  RDX/Vax 

1.68 

1.61 

7850 

8340 

6.17 

6.06 

90/10  ErrSEN/Vax 

1.70 

8130 

•  5.65 

50/:  PentoUte 

1.65 

7600 

5.53 

PEC 

1.61 

7980 

5.17 

KEX-1 

I 

7440 

5.16 

70/30  TetryVnrr 

1.63 

7370 

5.13 

S-6 

1.73 

7460 

4.52 

TST 

1.60 

6960 

4.25 

91/9  nSC/Vax 

1.30 

7000 

4.20 

4.S.2  WSB»TF*"  IZSIOtf.  Th*  varbtsd  cac'.'vg  a  duel 

purpose.  It  Bust  retain  the  exploaivs  prior  to  at  conation  aM 
confine  tbs  charge  during  Intonation,  ihls  eonflnesient  effect  Is 
noted  a^tether  the  ccrflneBent  Is  provided  uy  an  Increase  In  wall 
thlctcess  or  by  a  ''belt’*  of  ernloslvr.  result  of  IncreMlng  the 
eoofita3ent  la  an  Increase  in  hole  volwe  in  the  target  material. 
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In  tffect,  it  decreases  the  loss  '•.f  pressure  laterally,  and  Increaoes 
the  duration  of  the  application  of  pressure .  Going  a  little  fur¬ 
ther,  it  is  inportant  to  note  that  the  strength  of  the  case 
required  for  confinement  during  detonation  is  practically  nil  for 
warheads  with  charge  length  to  diameter  (l/D)  ratios  which  exceed 
appraxlmately  4.  As  the  L/D  of  the  charge  is  reduced  th.j  case 
strength  required  for  confinement  Increases.  In  guided  missile 
applications,  the  case  thlchness  for  optimum  confinement  is  not 
usually  obtained  because  of  weight  limitations. 


4.5.3  SHAPil  OF  CHARCS  3ACX  OF  L2IER.  Aerodynamic  pe-fcntiance 
and  pro.iectlle  weight  specifications  are  factors  that  frequently 
limit  the  lougch  of  the  projectile  body,  wtuch  in  turn,  limits  the 
length  of  the  charge.  Generally  speaicing,  the  hole  voiun-  ».r.d  the 
penetration  obtained  increase  with  increasing  charge  length  and 
reach  a  -myiimnn  at  about  2  or  2.5  charge  diameters  foi  .... co&- 
fined  charges  or  4  charge  diameters  for  lightly  confined  cr  uncon- 
flned  charges.  There  are  many  shaped  charge  designs  but  the  ones 
most  frequently  used  are  illustrated  in  Figure  4-14.  Each  design 
has  its  ad'/antages :  configuration  (a)  has  the  advantages  of  ease 
In  manufacture,  high  explosive  loading,  and  blast  effect;  (b)  and 
(c)  are  sometimea  necessitated  by  the  requirements  for  accuracy, 
wei^t  and  space  limitations.  All  three  designs  can  be  made  to 
perform  satisfactorily.  The  greater  amount  of  explosive  in  the 
cylindrical  charge  makes  it  more  valuable  than  the  tapered  charges 
for  the  secondary  effects  of  blast  and  fragmentation. 


FIOUSE  4-1*  VTITvAL  SEAPfl)  CHAHCK  MOOT  KGIfaG 

84 


CJONFIDEOTIAL 


COMFIDEMTIAL 


NWL  REPORT  NO.  1821 
NAWEFS  REPORT  NO.  7673 


4.5.4  LINER  VARIATIONS.  Warping  af  aa  little  as  l/32"  on 
tvo  aides  of  a  cut  down  tteel  M9A1  cone  (base  dlalolsbed  fras 
l-b/S"  to  1"  IJD.)  caused  by  dropping  or  other  mlshandllnga  la 
sufficient  to  lower  Jet  penetration  by  1.24  charge  diameters*"^. 
Cones  used  In  teats  outlined  In  reference  4-12  having  .015", 

.025",  .037"  and  .050"  wall  thlcineas  are  extrenely  susceptible 
to  dazoage  frcei  rough  handling,  especially  the  cones  with  vail 
thlchnessea  of  .015"  and  .025".  Warped  cones,  as  previously 
mentioned,  which  are  produced  during  the  drawing  process  or  by 
damage  from  rough  handlir^g  give  very  poor  pez-etratlon.  Further, 
as  noted  In  reference  4-12,  It  has  been  found  that  a  bead  of 
weld  on  the  Inside  cone  surface,  running  fran  the  apex  to  h-^e 

cf  the  ooijj.  ’overs  penetration  one  cone  dlacetor  from  a  standard 
penetration  average  of  3.7  cone  diameters,  whereas  a  similar  bead 
on  the  outside  surface  lowers  penetration  by  0.08  cone  diameters. 

4.5.5  LINER  MATERIAL,  THTOaiESS  AND  MASS.  Rather  than  use 
less  dense  material  for  liners  an  efficient  way  to  reduce  liner 
weight  would  be  to  design  a  more  efflcleit  diarge  configuration. 

The  metals  most  used  In  liners  are  alumlnmi,  steel,  and  copper, 
fiy  using  a  liner  material  of  high  density  or  by  Increasing  the 
liner  thickness  it  Is  possible  to  Increase  the  Jet  maas  per  unit 
length.  By  decreasing  the  mass  per  unit  area  of  the  liner  It  Is 
possible  to  Increase  the  Jet  velocity. 

19ie  conditions  for  maximum  destructiveness  and  those 
for  maximum  penetration  are  Incce^tlble.  The  designer  must  seek 
the  most  satisfactory  compromise.  When  l''r  density  materials  are 
used  for  liners  the  destructiveness  attained  Is  maximized  but  at 
the  expense  of  the  depth  of  penetration.  As  of  1958  the  only  low 
density  material  which  performed  saclsfactorlly  was  aluminum*" 

Two  .^a  to  make  up  for  the  reduction  of  penetration  resulting 
from  the  use  of  low  density  alurlnum,  are  (a)  perlpLertd.  Initiation 
and  (b.l  double  angle  .'.Inexs. 

Liners  of  high  density  metsls  tend  uo  mavir.Cue  the 
penetration  dcp;.’.  at  the  expense  of  destructiveness,  but  If  maxi¬ 
mum  destruction  la  require**  without  regard  tc  penetration,  it  can 
be  accomplished  by  reducing  the  penetration  to  a  point 
defeat  of  the  target  Is  assured.  tDiis,  ct  present,  is  the  esslT 
approach. 


Curves  showing  ^.netratlen  vs  vail  +hle3u]esa  are  fre- 
quentjy  unsymmetilcsl.  Figure  4-15  illustrates  penetration  with 
vsrlris  wall  thicknesses.  Lliienslc.-^n  p-:rtalnlng  to  the  shaped 
charge  tested  can  be  found  In  reference  4-^.3. 
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Conical  liners  vlth  tapered  walls  have  been  studied  at 
various  times.  In  general,  the  results  indicate  that  no  signifi¬ 
cant  Improvement  of  penetration  performance  can  be  achieved  by  use 
of  a  tapered  wall  thickness'*"*®.  Die  data  do  show,  however,  that 
rather  wide  tolerances  may  be  placed  on  the  variation  In  wall 
thickness  bexween  the  apex  and  the  base  without  reducing  penetra¬ 
tion,  provided  the  wall  thickness  is  held  constant  at  each  trans¬ 
verse  section  of  the  cone. 

Cone  thickness,  foi’  best  performance,  Is  primarily  a 
function  of  cone  apex  an^e  and  charge  confinement,  but  other 
parameters  play  lesser  roles.  Optimum  liner  wall  thickness 
Inci eases  >(  .th  1 -.creasing  cone  angle  and  with  Ino^easlng  con¬ 
finement  of  the  explosive  charge.  Generally,  '•-he  optimum  l:iner  ■ 
wall  thickness  varies  between  2  and  4  percent  of  the  base  dia¬ 
meter.  Work  has  been  done  using  cone  thicknesses  as  hl^.  *s 
IS  percent  of  the  base  diameter.  Thicknesses  of  approximately  6 
percent  are  generally  used  In  warheads  that  are  fired  against 
aircraft  at  long  standoffs. 

Liner  walla  thicker  than  optimum  show  a  slight  decrease 
in  penetration.  Liner  walls  thinner  than  optimum  are  character¬ 
ized  by  inconsistent  penetration  and  an  overall  decrease  in  pene¬ 
tration**  .  Penetration-  will  Increase  to  a  maximum  as  the  liner 
thickness  Is  decreased,  at  which  point  the  manufacturing  imper¬ 
fections  become  more  lnq?ortant  and  further  decrease  of  the  liner 
thickness  restilts  in  less  penetration. 

4.5.6  WAVE  SHAPING.  Wave  shaping  Is  a  method  of  Improving 
shaped  charge  performance.  Its  purpose  Is  to  Invert  the  detona¬ 
tion  wave  and  cause  It  to  strike  the  cone  wall  at  decreased  angles 
of  O',  —qplty.  Wave  shapers  are  placed  between  the  detonator  and 
liner.  The  base  of  the  wave  shaper  Is  generally  located  Immedi¬ 
ately  behind  the  apex  .  f  the  cone.  Wave  shaping  can  be  accom¬ 
plished  by  Inert  fillers,  voids  in  the  ex3Plo8lve  charge,  or  other 
explosive  fillers. 

Solid  cone-shaped  'vert  fillers  of  glass  or  steel  have 
produced  20  percent  deeper  penetrations  without  loss  of  l-:lc 
volume'*"^®.  It  was  found  that  cone-shaped  inert  fUl.ers,  with  a 
base-toaltltude  ratio  of  two,  perfoRb  well  with  siuUl.  e<‘  :-  Z  taXi/u 
In  performance  for  8.11ghtly  different  ratios.  The  dlsoeter  of 
the  wave  shaper  Is  slightly  less  thsi.  that  of  the  charge.  Wa'/e 
shapers  cou  be  designed  so  that  the  doto.’Uitlon  wave  posses  directly 
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through  the  filler  which  produces  wave  ref ruction,  and  thua  the 
end  result  la  a  conalderahla  Inpi-uvement  In  penetration  without 
loss  In  the  hole  volume. 


Peripheral  Initiation  la  another  methoo  of  wave 
shaping,  however,  the  actual  la^rovement  attained  Is  affected 
considerably  by  the  liner  material  usei.  Hole  volume  haa  been 
Increased  as  much  as  50  percent'*"^®.  aiw.n  asymaetrles  anywhere 
in  the  charge  will  decrease  penetration.  Results  fraa  peripheral 
Initiation  are  not  consistent;  therefore,  sene,  other  method  of 
inltlaclon  should  be  used.  More  consistent  results  can  be 
obtained  with  points Initiated  charges  and.  In  addition,  th.  ■ 
type  chart;  la  easier  to  manuf act\ure .  Figure  ^16  illustrates  a 
number  of  dlf  rerent  wave  shaping  configurations. 
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4.5.7  COJE  APEX  Ami£.  Cone  apex  a:ig^a  play  a  very  impor¬ 
tant  role  In  shaped  charge  performance.  Wlien  selecting  a  cone 
angle  for  a  shaped  charge  It  la  Important  to  consider  both  perform¬ 
ance  and  manufacturing  problems  Involved.  There  arc  data  avail¬ 
able  which  show  optimum  standoff  increases  with  increasing  cont 
apex  angles  up  to  approximately  65®  j  optimum  standoff  then  decreases 
as  the  apex  angle  is  Incretsed.  (See  Plgures  4-17  through  4-20.) 
However,  the  optimum  standoff  la  also  dependent  upon  the  cone 
material,  wall  thlchness,  and  charge  lei^Ji*'®. 

Cone  apex  angles  from  40  to  60  degrees  give  good  perform¬ 
ance  at  the  standoff  usuallj'  ussoolated  with  surface  targe rj;  that 
is,  two  T.C  four  cone  diameters.  Increased  penr*ratlon  can  be 
achieved  with  good  quality  cones,  utilizing  una-Uer  cone  angles  of 
20  to  30  degrees,  at  standoffs  below  approximately  two  cone  dia¬ 
meters.  This  is  particularly  true  with  copper  liners  (--• 

4-17).  Performance  from  conea  with  1 1  —  acgics  give 

only  moderate  in^rovement  in  performance*"^®.  Tils  htwaT,  advantage 
in  performance  would  usually  be  outweighed  by  the  tightening  of 
manufacturing  tolerances.  There  are  ample  experimental  data  which 
show  Inqjroved  penetration  at  long  standoffs,  for  cones  with  fip-v 
angles  of  80  to  120  degrees  or  more"*"^®.  Cones  with  apex  angles  of 
80  to  120  are  reccraended  for  use  against  aircraft  at  standoff 
stances  on  the  order  of  100  feet*““. 

4.5.8  LDffiH  SHAPE.  Liners  and  cavities  of  different  configura¬ 
tions  react  in  different  wayj.  Ibf  example,  hemispherical  liners 
appear  to  turn  inside  out  with  most  of  the  cone  material  being  pro¬ 
jected  in  the  Jet.  On  the  other  hand  a  conical  lin-r  collapses 
from  the  apex  and  projects  approximately  20  to  30  percent  of  the 
cone  material  in  the  Jet.  Most  wort  is  dona  with  conical  liners 
becsi'xe  they  give  the  most  consistent  results.  This  is  true  because 
^  been  more  difficult  to  maintain  close  tolerances  with  shapes 
other  than  oorlcal.  Double  &..gle  conical  liners  are  being  studied*' 
Figure  4-21  shows  a  double  angle  liner  where  the  upper  aai  j.owBr 
portlons  are  conical  and  are  connected  by  a  c-’rcular  e-  trlng  curvw. 
Penetrntlon  for  this  type  liner,  at  the  two  staaloffs  tested*"^® 
c<»q)are  favorably  *ith  the  iraxlma  at  peripheral  Initiation.  When 
doul>le  angle  cones  were  being  developed  it  was  found  then  there  .is 
no  increase  in  penetration  when  an  abrupt  change  is  made  fras  Oi 
angle  to  another. 
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4.5.3.  EFFECT  OP  SPIT-BAC3C  ^FU^5H  2ALjC)  TOBES.  The  eplt- ' 
toAk  tube,  oted  with  certeln  tyxe*  of  is  a  en-^i  i  tube  that 

la  attached  to  the  apex  end  of  the  coae,  extending  away  frc»  the 
cavity.  The  portion  of  the  liner  apex  inside  the  spit-tack  .tube 
is  removed.  Heaulta  froo  tests  with  unconflned  K3A1  cones  show 
little  change  la  penetration  or  a  slight  lecresse.  Data  froci 
tests  with  copper  liners  in  confined  cnarges  with  spit-baci  tubea 
show  increases  in  penetration  up  to  20  percent'*"^®.  There 'is  no 
effect  upon  cptixua  standoff  or  cptincus  »all  thickness.  It  is 
easier  to  sausifacture  co.nea  w^.th  a  short  sp-t-back  tube  anu  to 
maintain  close  tolerances  than  it  la  to  manufacture  cones  with  a 
sharp  cone  acex  angle.  In  addition,  less  difficulty  is  et-ountered 
iu  obUuii.ins  tound  charges  when  •plt-bsck  t-bo-  are  used. 

Satisfactory  perfoisarce  can  be  obtained  with  tuoes 
havd.tg  a  dlaoeter  between  20  to  JO  percent  of  that  ot  ■  co'-e. 

It  la  ccstton  procedure  to  specify  hard-drawn  capper  tusung  with 
wall  thickness  ranging  frcei  0.C60  to  0.065  inches  for  spit-back 
tubes***’. 

4.5.10  AT.IfPKEJr  OF  CCHE  ATffi  CSARS,  For  best  perfomance 
the  azla  of  the  cone  and  explosive  charge  shiuJd  coincide.  Tilt 
of  a  Hntr  resulta  is  reduced  penetratioa.  Tilts  up  to  two 
dsgTMts  have  given  soae  good  pecetratlona,  but  In  general  tilting 
the  liner  one  degree  reduces  a-/erage  penetration  50  percent**’.' 
Mlsallgnaent  cf  the  cone  and  charge  axes,  where  the  axes  are 
parellsl  but  offset,  results  1.’.  reduced  penetration.  In  a  parti¬ 
cular  inatance,  an  offset  cf  srl^  0.015  inch  (1  percent  of  the 
baae  dlsMter)  reduced  the  penetration  about  20  percent**’. 

Because  of  the  poor  results  attained  fren  tilt  and  offset  of 'axes 
It  Is  lapertant  that  charges  he  Inspected  after  assembly. 

4.5.11  SragPOFT  n3T:*.‘IC!;.  standoff  distance  Is  one  of  the 
aoet  igportant  fBct..x«  go^rnlrg  the  depth  of  penetration  for  a 
given  shaped  charge  warhead.  A  properly  dsalgned  warhead  auat  . 
provide  correct  standoff  distance  ~o  allcw  .ufflcle..  tJise  for 
the  Tise  to  fu  tlon  properly  and  toe  formation  of  a  „et  of 
proper  deneity,  thua  naxl^4.lr.g  the  nosslbility  of  tarsot  penetra¬ 
tion.  The  devsnSence  of  pcnctratlo.*.  depth  upon  stan^cTf  is  shown 
in  Figures  4-1'^  throurh  4-20. 

4.C  SCALD  SHAFD  CHAAOES 

The  Salllstiv.  .'Research  Latormxor^ut****  Immstlgatsd  Je.ta  pr'w 
due  from  three  conical  copper  KtOii;,  scaled  in  all  linear  dlawt- 
ssrne,  having  an  apex  •  'gle  of  42  degrees.  The  dlnenslona  of  the 
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scaled  chargee  iaveeclgated  are  rTeiented  in  Plgisre  4-22.  lie  hBL 
etuOy  vaa  earned  on  to  deterstlae  the  eiTect  of  charge  alze  upon 
'Jet  flight  and  Jet  penetration  charactenztlcs .  Effective  pene¬ 
tration  hy  a  Jet  ceaaea  vhen  the  partlels  velocity  drops  slightly 
below  0.2  ca/eltroaecond*''*'^.  Based  on  this  criterion  BHL  did  not 
take  aeasureMents  of  Jet  particles  below  this  lever  velocity  Halt, 

Results  froe  these  tests,  with  the  three  charges  Just  sen- 
tlonea,  shew  that  scaled  shaped  charges  laoduce  scaled  penetration 
depths  at  scaled  standoff  distances.  Jet  velocities,  penetration 
velocities  and  relative  penetration  deptha  are  the  ssmb  at 
scaled  tlaea  during  the  penetration  procese.  In  addition,  radio 
graphic  -h^ervetion  disclosed  that  Jeta  froa  scaoed  conical  liners 
in  scaled  charges  prtsduce  spproxlaately  the  sa*t.  ember  of  rAni- 
clee  after  fareakop  la  coepleted,  Theae  testa  revealed  that  the 
average  particle  lez^th  scalee  directly  as  the  charge  o.,  or', 
that  ths  average  particle  disaster  vanes  directly  as  toe  chsrge 
slza  so  that  the  average  particle  voluaa  and  eaas  vary  as  the  cube 
of  the  charge  slze*"^*. 

figures  4-23  through  4-25  illustrate  part  of  the  sxperlaental 
reeulta  of  tasting  perfoxaed  with  ths  three  scaled  copper  conical 
llnsra  asntloasd  under  this  section.  In  these  figures  z  repre¬ 
sents  ths  distance  frea  the  Inaide  cone  apex  to  a  particular  elx- 
ctafcretrtlal  nng  elaaent  on  the  Inalde  liner  surface;  h  ths 
total  coos  beight;  t  a  particular  tlaa;  0  eona  disaster.  Standoff 
dlatanea  for  these  teats  vaa  three  cone  disasters. 

4.7  RZTBUOCXS  fOR  SXCIIC0  4 


M.  A.  Cook,  Tie  Science  of  Hi^h  &rploalves.  flelnhold  Puh- 
llahlng  CorToratlon,  13Sd 

0.  Blrkhoff,  0.  f.  MacDougkll,  1.  N.  Pugh,  and  Sir  0. 
thylor,  with  hlnad  Canties,'  Journal  Attllsd 

Physics  19.  1S48,  563-582 

R.  J.  Elchslherger  and  I.  M.  Pugh,  'fcr-  nhiectau  Vsrlflce- 
tlon  of  t:.  Thaory  of  Jet  Pconatloa  by  Charges  with  Unsd 
Conical  Oawxtles,''  Jr  .Tnal  of  Arrilsd  Physics  23.  1962, 

S37.M2 

rranaactl^TS  of  tOap^liat  on  ghaged  CUrgsa.  Ball  to 'le 
llseearcb  laooratcrlss  RayirX  Jk>.  *>9,  laS3,  <!>.*? flaw I'lAI. 
(a)  J.  81*00  a’ld  X,.  ZaroM,  Strain  Rate  P^tlclty 
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(b)  W.  T.  JluguBt  and  A.  D.  Solan,  '  ShaTied  CbarAC  Effects 
Attributable  to  the  Explosive  C 

a 

(c)  H 

tlon  Projtram  at  the  Firestone  Tire  and 
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